
NASA / TM--2000-210033

Processing and Properties of SiC/MoSi2-SiC

Composites Fabricated by Melt Infiltration

Ramakrishna T. Bhatt

U.S. Army Research Laboratory, Glenn Research Center, Cleveland, Ohio

Mohan G. Hebsur

Ohio Aerospace Institute, Brook Park, Ohio

May 2000



The NASA STI Program Office... in Profile

Since its founding, NASA has been dedicated to

the advancement of aeronautics and space
science. The NASA Scientific and Technical

Information (STI) Program Office plays a key part

in helping NASA maintain this important role.

The NASA STI Program Office is operated by

Langley Research Center, the Lead Center for
NASA's scientific and technical information. The

NASA STI Program Office provides access to the

NASA STI Database, the largest collection of

aeronautical and space science STI in the world.

The Program Office is also NASA's institutional

mechanism for disseminating the results of its

research and development activities. These results

are published by NASA in the NASA STI Report

Series, which includes the following report types:

TECHNICAL PUBLICATION. Reports of

completed research or a major significant

phase of research that present the results of

NASA programs and include extensive data

or theoretical analysis. Includes compilations

of significant scientific and technical data and

information deemed to be of continuing

reference value. NASA's counterpart of peer-

reviewed formal professional papers but

has less stringent limitations on manuscript

length and extent of graphic presentations.

TECHNICAL MEMORANDUM. Scientific

and technical findings that are preliminary or

of specialized interest, e.g., quick release

reports, working papers, and bibliographies
that contain minimal annotation. Does not

contain extensive analysis.

CONTRACTOR REPORT. Scientific and

technical findings by NASA-sponsored

contractors and grantees.

CONFERENCE PUBLICATION. Collected

papers from scientific and technical

conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

SPECIAL PUBLICATION. Scientific,

technical, or historical information from

NASA programs, projects, and missions,

often concerned with subjects having

substantial public interest.

TECHNICAL TRANSLATION. English-

language translations of foreign scientific

and technical material pertinent to NASA's
mission.

Specialized sen, ices that complement the STI

Program Office's diverse offerings include

creating custom thesauri, building customized

data bases, organizing and publishing research

results.., even providing videos.

For more information about the NASA STI

Program Office, see the following:

• Access the NASA STI Program Home Page

at http://www.sti.nasa.gov

• E-mail your question via the Internet to

help@sti.nasa.gov

• Fax your question to the NASA Access

Help Desk at (301) 621-0134

• Telephone the NASA Access Help Desk at

(301) 621-0390

Write to:

NASA Access Help Desk

NASA Center for AeroSpace Information
7121 Standard Drive

Hanover, MD 21076



NASA / TMm2000-210033

Processing and Properties of SiC/MoSi2-SiC

Composites Fabricated by Melt Infiltration

Ramakrishna T. Bhatt

U.S. Army Research Laboratory, Glenn Research Center, Cleveland, Ohio

Mohan G. Hebsur

Ohio Aerospace Institute, Brook Park, Ohio

Prepared for the

24th Annual Conference on Composites, Advanced Ceramics Materials, and Structures

sponsored by the American Ceramic Society

Cocoa Beach, Florida, January 23-28, 2000

National Aeronautics and

Space Administration

Glenn Research Center

May 2000



Trade names or manufacturers' names are used in this report for

identification only. This usage does not constitute an official

endorsement, either expressed or implied, by the National

Aeronautics and Space Administration.

NASA Center for Aerospace Information
7121 Standard Drive

Hanover, MD 21076
Price Code: A03

Available from

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22100
Price Code: A03



PROCESSING AND PROPERTIES OF SiC/MoSi2-SiC COMPOSITES

FABRICATED BY MELT INFILTRATION

Ramakrishna T. Bhatt

U.S. Army Research Laboratory

National Aeronautics and Space Administration
Glenn Research Center

Cleveland, Ohio 44135

Mohan G. Hebsur

Ohio Aerospace Institute

Brook Park, Ohio 44142

ABSTRACT

Hi-Nicalon SiC fiber reinforced MoSi:-SiC matrix composites (SiC/MoSi2-

SiC) have been fabricated by the melt infiltration approach. The composite

consists of -60 vol%, 2-D woven BN/SiC coated Hi-Nicalon SiC fibers and

-40 vol% MoSi2-SiC matrix. The room temperature tensile properties and thermal

conductivity of the SiC/MoSi2-SiC composites were measured and compared with

those of the melt infiltrated SiC/SiC composites. The influence of fiber

architecture on tensile properties was also evaluated. Results indicate that the

primary modulus, stress corresponding to deviation from linearity, and transverse

thermal conductivity values for the SiC/MoSi2-SiC composites are significantly

lower than those for the SiC/SiC composites. Microcracking of the matrix due to

the large difference in thermal expansion between MoSi2 and SiC appears to be

the reason for the lower matrix dominated properties of SiC/MoSi2-SiC

composites.

INTRODUCTION

Advanced high temperature materials are needed for successfully developing

future generations of aerospace propulsion and power systems. Because of its high

melting point, elevated temperature oxidation resistance, brittle to ductile

transition, and high electrical and thermal conductivity, molybdenum silicide

(MoSi2) is considered to be a promising high temperature structural material for

next generation turbine components [1]. However, the use of MoSi2 has been

hindered due to the brittle nature of the material at low temperatures, inadequate
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creep resistance at high temperatures and poor oxidation resistance from 450 to

550 °C [1]. In recent years significant progress has been made in improving the

properties of MoSi2. For example, creep resistance has been improved by alloying

MoSi2 with W or Re [2,3]: the low temperature toughness problem has been

improved by particulate or fiber reinforcements [4-6]; and the intermediate

temperature pest oxidation problem has been mitigated by dispersions of Si3N4 or

Ge [7,8].

Currently, unreinforced and reinforced MoSi_ materials are fabricated by hot

pressing or hot isostatically pressing. With these methods only simple shapes can

be fabricated. Even though MoSi2 is electrically conductive and can be elecro-

discharge machine& fabrication of complex shape components from a hot pressed

block is very expensive and time consuming. Therefore, cost effective, near net

shape processing approaches are needed for utilization of MoSi2 components in

turbines. Among many fabrication approaches, the non-reactive melt infiltration

approach appears to be best suited for MoSi2. This approach has been successfully

adopted for fabrication of SiC/SiC composites. One draw back of this process is

that it leaves excess silicon metal, which may limit the upper temperature

capability of the material. However, excess silicon can be converted to MoSi2 by

displacement or combination reaction by selecting Mo2C or MosSi3 as a starting

material [9].

This study had three objectives: First, to fabricate SiC/MoSi2-SiC composites

by the MI approach: second, to measure their properties and compare them with

those of the SiC/SiC composites fabricated by a similar approach: third, to

determine potential performance advantages of 2-D woven SiC/MoSi2-SiC

composites for high temperature applications.

EXPERIMENTAL

The starting materials for composite fabrication were BN/SiC coated Hi-

Nicalon TM SiC fiber preforms, MoSi2 and SiC powders. The preforms of BN/SiC

coated Hi-Nicalon TM SiC fibers were purchased from Honeywell Advanced

Composites Inc. The Nippon Carbon Company, Japan fabricated the Hi-Nicalon

fibers and Albany International Techniweave, Inc. Rochester, prepared the woven

fiber mats. Three different 2-D fiber architectures were examined: PW (plain

weave), 5HS (5 harness satin), and 8HS. The MoSi2 and SiC powders with

average particle diameters of-75 and -3 pm, respectively, were purchased

from H.C. Stark. For composite fabrication, the preforms were fabricated by

stacking 8 layers 2-D woven SiC fiber mat in a graphite fixture and depositing an

-0.5 /am thick BN layer and a 3-5 lam thick SiC layer (both by chemical vapor

infiltration (CVI)). The nominal dimensions of the preforms after CVI coating

were 229-mm (L) x 152-mm (W) x 2-mm (T). The preforms contained
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- 40 vol. % SiC fibers, -18-30 vol% BN/SiC interface coating, and 20-40%

interconnected open porosity.

The preforms were cut into smaller specimens of dimensions with 152 mm

(L) x 12.5 mm (W) x 2 mm (T)) using a diamond impregnated metal bonded

cutoff wheel and water based grinding fluid. The cut specimens were soaked in a

degreasing solution for 24 hrs, and then dried in an oven maintained at 100 °C.

The MoSi2 and SiC powders were dry attrition milled in a stainless steel

vessel using 6-mm WC balls as grinding medium. The outer surface of the vessel

was cooled with liquid nitrogen. A typical batch contained a 50:50 mixture of

MoSi2 and SiC powders. A grinding medium to powder ratio of 20:1 was used.

Attrition milling was performed for 16 hrs in flowing argon gas. The milled

powder was stored in a glove box filled with nitrogen. The average particle

diameter after attrition milling was - 5 _m.

For slurry preparation, the attrition milled MoSi2 and SiC powder mixtures

were blended with a commercially available binder, dispersant, and wetting agent.

NH4OH was added to the slurry to adjust pH to -9.

Composite fabrication

Slurry infiltration into the preform specimen was conducted in a stainless

steel (SS) chamber equipped with three ports. One port was connected to a

forepump for evacuating the chamber: one port was used for poring slurry into the

chamber: and one was connected to a compressed air source for pressurizing the

chamber. A plaster of Paris mold with a cavity was fabricated. The mold, with

the specimen, was placed inside the SS chamber. The chamber was evacuated to

10 .4 Torr and then the port connected to the vacuum pump was closed off.

Through the second port, the slurry was poured over the preform placed on the

plaster of Paris mold and the port was closed off. Through the third port,

compressed air was bled into the SS chamber until chamber pressure reached

3 MPa. The air pressure was maintained for several hours until the slurry

infiltrated into the preform, and the water present in the slurry had completely

seeped into the plaster of Paris mold. Subsequently, any excess powder present on

the surface of the preform specimen was dusted off. The MoSi2-SiC particle-filled

specimen was transferred to a vacuum furnace lined with graphite heating

elements and fixtures. An appropriate amount of electronic grade silicon was

placed over the specimen. The furnace was evacuated to 10 .4 Torr, heated to

1420 °C for 30 minutes allowing the silicon melt to infiltrate the particle filled

specimen, and then cooled slowly to room temperature.
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Specimen preparation

Some of the specimens were sectioned, mounted in a metallographic mold,

ground successively on 40 jam down to l-_tm diamond particle impregnated metal

disks, and polished in a vibratory polisher on a micro-cloth using 0.3 _tm diamond

powder paste. The mounted specimens were coated with a thin layer of carbon or

palladium in a vacuum evaporator to avoid charging during observation in a

scanning electron microscope (SEM).

For tensile testing, dog-bone shaped specimens were machined from the

composite plate using an ultrasonic, SiC-slurry impact machine. At each specimen

end, two glass fiber-reinforced epoxy tabs of dimension 37 mm x 12 mm x 1 mm

were bonded, leaving -60 mm for the gage section. A spring-loaded clip-on gage

was attached to the gage section of the specimen to monitor the strain during the

tensile test. The specimens were tested at room temperature until failure in a

servo-controlled tensile testing machine equipped with self-aligning grips at a

crosshead speed of 1.3 mm/min.

For comparison purposes, a panel of Hi-Nicalon SiC/SiC composite

fabricated by the MI process was purchased from Honeywell Advanced

Composites Inc. This composite was tested using the same approach that was used

with the Hi-Nicalon SiC/MoSi2-SiC composites.

For thermal diffusivity measurement, ~9-mm x 9-mm specimens were cut

from a larger composite specimen. Thermophysics Laboratory, Blacksburg, VA,

measured the transverse thermal diffusivity of the Hi-Nicalon SiC/MoSi2-SiC and

SiC/SiC composite specimens in argon at temperatures from 25 to 1400 °C.

RESULTS

Microstructure

SEM photographs of the cross-section of the Hi-Nicalon SiC/MoSi2-SiC

composites are shown in Fig. 1. This figure indicates the matrix is well infiltrated

in the pore spaces of the SiC preform. The light regions in figure l(a) are the

MoSi2-SiC matrix and the darker regions are the BN/SiC coated Hi-Nicalon

woven mats. Figures l(b) and l(c) are higher magnification photographs of the

matrix and interface regions. The brighter particles in Fig. l(b) are MoSi2 and the

dark particles are SiC. The phase surrounding the MoSi2 and SiC particles is

silicon. Figure l(c) shows no evidence of reaction between the CVI SiC coating
and the matrix.

Tensile properties

The room-temperature tensile stress-strain behavior for the 5HS Hi-Nicalon

SiC/SiC and SiC/MoSi2-SiC composites is shown in figure 2. Also included in the
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figure for comparisonis the stress-strainbehaviorof 5HSHi-Nicalon SiC/Epoxy
composite.The stress-strainbehaviorsgenerallyshow two regions: an initial
elasticregionand a non-linearregion.Comparisonof the stress-strainbehaviors
indicatesmajordifferencesin thestresscorrespondingto deviation

MoSi2-SiC-Si
matrix

Closed SiC tows
porosity

SiC
particles

Silicon

(a)

\
m MoSi2

particles

fiber

BN coating

Fig. 1

(c) SiC coating

SEM micrographs of the cross section of a 5HS Hi-Nicalon SiC/MoSi2-SiC

composite showing various microstructural features: (a) distribution of the

matrix within the preform, (b) distribution of particles in the matrix, and

(c) the CVI SiC coating/matrix interface region.
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Fig. 2 Room temperature tensile stress-strain behavior for the 5HS Hi-Nicalon

SiC/MoSi2-SiC, SiC/SiC, and SiC/epoxy composites

from linearity (DFL) and the primary elastic modulus, but the ultimate tensile

strengths for all three composites are nearly the same suggesting minimal

degradation of SiC fibers, or the BN/SiC interface coatings during processing. The

room-temperature tensile property data for the PW, 5HS, and 8HS Hi-Nicalon

SiC/MoSi2-SiC, 5HS SiC/SiC and 5HS SiC/epoxy composites are summarized in

Table I. Data represent an average of 3 specimens for each composite type.

Noticeable features in Table I are that the fiber architecture shows no major effect

on the tensile properties of SiC/MoSi2-SiC composites. Also, the primary

modulus and DFL stress for SiC/MoSi2-SiC composites are moderately higher

than that for the Nicalon SiC/epoxy composites, but lower than that for the

SiC/SiC composites. Theoretically, the initial elastic modulus of SiC/MoSi2-SiC

composites and SiC/SiC composites should be the same because MoSi2 and SiC

materials have similar elastic moduli. It is suspected that the lower primary elastic
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Table I Room temperature tensile data for Hi-Nicalon SiC/Epoxy,

SiC/MoSi2-SiC, and SiC/SiC composites.

Composites Lay

up

SiC/Epoxy 5HS
SiC/MoSi,-SiC PW

SiC/MoSi2-SiC 5HS

SiC/MoSi,-SiC 8HS

SiC/SiC 5HS

DFL, DFL, E, UTS, UTS,

MPa % GPa MPa %

66+4 0.06+0.015 116+21 328+30 0.7+0.07

37+4 0.03+0.004 131+7 264+20 0.7+0.07

62+26 0.05+0.021 125+24 329+52 0.5+0.09

49+3 0.03+0.003 160+3 304+8 0.8+0.04

105+12 0.05+0.01 215+18 340+26 0.8+0.05

modulus of SiC/MoSi2-SiC composites may be due to microcracking of the matrix

due to large difference in thermal expansion between MoSi2 and SiC particles.

The SEM photographs of the fracture surfaces of SiC/MoSi2-SiC composites

are shown in Fig. 3. The fracture surface is jagged with limited fiber pull out.

Thermal conductivity

The variation of transverse thermal conductivity with temperature in argon is

plotted in Fig. 4 for Hi-Nicalon SiC/MoSi2-SiC and SiC/SiC composites. At room

temperature, the transverse thermal conductivity for SiC/SiC composites is

.... C:I

(a) (b)

Fig. 3 SEM photographs of the tensile fracture surface of the 5HS Hi-Nicalon

SiC/MoSi2-SiC composites.
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Fig. 4 Variation of transverse thermal conductivity with temperature for the

Hi-Nicalon SiC/MoSi2-SiC composites and SiC/SiC composites in

argon.

higher than that for the SiC/MoSi2-SiC composites. As test temperature increases,

the difference between the thermal conductivity of these two materials decreases,

and beyond 1100°C, the thermal conductivity of both materials is nearly the same.

SUMMARY OF RESULTS

Hi-Nicalon SiC fiber reinforced MoSi2-SiC composites have been fabricated

by the MI process. The thermal conductivity and room temperature tensile

strengths of the SiC/MoSi2-SiC composites have been measured and compared

with state-of-the-art SiC/SiC composites fabricated by a similar processing

method. Major findings are the following.

(1) Microstructurally, the Hi-Nicalon SiC fiber and the CVI SiC coating are

stable during MI processing of the SiC/MoSi2-SiC composites.

(2) Matrix dominated properties such as the primary elastic modulus and DFL

stress for the SiC/MoSi2-SiC composites are lower than those for the SiC/SiC

composites, possibly due to microcracking of the matrix.

(3) High temperature thermal conductivity of the SiC/MoSi2-SiC composites is

similar to that of the SiC/SiC composites.
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